Failure of pressure vessels and piping systems that operate at high temperatures can occur by net section rupture, creep crack growth or a combination of both processes. Several design and assessment procedures are available for dealing with this situation. These include the ASME Pressure Vessel and Piping, French RCC-MR (Appendix 16) and British R5 and BS7910 codes. Each of these procedures uses a combination of continuum mechanics and fracture mechanics concepts to make an assessment.
A
Norton power law creep constant in Eq. (2 
INTRODUCTION
Many high temperature components have to undergo mandatory inspection to determine their suitability for further use. Frequently non-destructive inspection methods are employed to detect flaws. The increasing sensitivity of this equipment is enabling smaller and smaller defects to be detected. Consequently, there is an increasing need for establishing reliable procedures for determining the significance of any defects identified.
Several design and assessment procedures are available for dealing with this situation. These include the ASME Pressure Vessel and Piping, the French A16 and British R5 and BS 7910 codes. Each of these procedures uses a combination of continuum mechanics and fracture mechanics concepts to make an assessment.
Although the procedures adopt the same basic principles, often different formulae are employed to make an assessment. The main parameters that are used are reference stress, σ ref , stress intensity factor, K, and the creep fracture mechanics term C*. In this paper, an analysis is performed to estimate the sensitivity of the predictions of creep crack growth in a pressurised pipe to the choice of formulae and materials properties employed.
COMPONENT INVESTIGATED
A straight pipe containing a longitudinal weld and fabricated from a 9Cr steel, designed as P91, with the dimensions and composition shown in Fig. 1 and Tables 1 and  2 , was examined. The pipe had a 185 mm ID and a 225 mm OD. It had 3 semi-elliptical axial defects machined around its outer periphery; 1 in the Heat-Affected-Zone (HAZ) and the other 2 in the parent material (PM) as shown in Fig. 1 . The pipe was tested at an internal pressure of 15 MPa, a temperature of 625°C and the growth of each crack was monitored with time by capacitance and electrical potential techniques.
Failure of pipe occurred by propagation of defect D through the wall after a total test duration of 1430 h. The initial and final dimensions of each defect are given in Table 1 . From this table, it is evident that no crack growth occurred in defect F, defect E only extended 0.72 mm and the aspect ratio a/c remained approximately constant at 0.4 during the cracking process. The actual extension with time of each of these defects is shown in Fig. 2 . An incubation period of about 1/3 rd of life, prior to the detection of crack extension, is apparent for defect D. (Webster and Ainsworth, 1994) have shown that the most satisfactory correlations of crack growth rate, da/dt, are achieved with the creep fracture mechanics parameter, C*, according to the law
where D and φ are material constants which can be measured experimentally or determined from a model of the cracking mechanism. In the model of Nikbin, Smith and Webster (NSW) (Nikbin et al., 1983 (Nikbin et al., , 1984 a process zone of size r c is postulated at the crack tip. For a material with a constant uniaxial creep ductility, ε f , and which exhibits secondary creep behaviour that can be described by the Norton creep law (Norton, 1929) :
where ε ˙ is creep strain rate, σ is stress and A and n are material constants, it can be shown that:
and
In Eq. (4), I n is a non-dimensional factor which has been tabulated by Hutchinson (1968) as a function of n and state of stress and ε * f is the creep ductility appropriate to the stress state at the crack tip. Typically, for plane stress conditions ε Table 4 : Values of A and n used to describe uniaxial creep properties of for P91 at 625ºC
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1.0E-01 10 100 1000 σ nom [MPa] Minimun creep strain rate [h In Table 4 , values of A and n are given for individual material conditions and for different batches of material to correspond with both the minimum and average creep rates (where the average strain rate is simply the failure strain divided by the rupture life to represent the entire creep curve by a secondary creep law). Also included are values when all the PM data are combined. In the table the units of A are chosen to give the strain rate in h -1 with stress in MPa. The range of values of A and n allow the effects of variations in material creep properties on crack growth behaviour to be examined. taken from HIDA DETERMINATION OF C* C* can be obtained experimentally, by numerical analysis or reference stress methods. In this investigation the reference stress approach has been adopted (Ainsworth, 1982 (Ainsworth, , 1984 . The reference stress of a cracked body can be defined as:
where P LC is the limit load evaluated for a yield stress σ Y , for the cracked body. Since P LC is proportional to yield stress, σ ref is independent of σ Y . By using Ainsworth's approach, C* can be expressed approximately in terms of the reference stress by:
where ε ˙r ef is the creep strain rate at the reference stress and K is the stress intensity factor corresponding to the load P. Using Eq. (2), Eq. (6) can be written as:
The value obtained for C* will depend on the formulae used to determine K and σ ref . Different procedures and codes often employ different equations for these terms. Since φ in Eq.
(1) is close to one, the crack growth rate will vary approximately proportionally to K 2 and σ ref
. Greater sensitivity to reference stress than K will therefore be expected. For example, a 10% change in K will give a 21% change in cracking rate and a similar change in σ ref will give more than a 100% change in crack growth rate for most values of n. Expressions for evaluating these terms for an axial semielliptical defect in a pipe will now be examined.
EXPRESSIONS FOR STRESS INTENSITY FACTOR
A survey in the literature (Raju and Newman, 1982 , Dubray et al., 1995 , Andersson et al., 1996 , Laham, 1999 , British Energy Generation Ltd., 2000 , and British Standard, 1999 shows that there are several formulae to determine the stress intensity factor. However, all of them are based on Raju and Newman (1982) . Dubray et al. (1995) , Andersson et al. (1996) , Laham (1999) and British Energy Generation Ltd. (2000) all use exactly the same formula. Therefore, only, Raju and Newman (1982) and British Standard (BS 7910) formulae are compared in this paper.
Formula due to Raju and Newman (1982)
This stress intensity factor for surface crack was obtained by using a three-dimensional finite-element stress analysis and is defined as:
where Q is approximated by:
and F e is the boundary-correction factor of an external surface crack, which can be written as: 
Formula from BS 7910 (1999)
The equations in the British Standard differ in appearance from those to be found in the publication of Raju and Newman (1982) and in the original BS PD 6493. For surface flaws, one set of equations is applied to all geometries and the stress intensity factor can be written as:
where for a Level 2 and 3 assessments
In Eq. (12), M is a bulging factor correction, f w is a finite width correction factor, M km , M m , M kb and M b are stress intensity magnification factors, k tb and k tm are the bending and membrane stress magnification factors, respectively and σ b and σ m are the bending and membrane stresses.
In the case studied in this paper, M, f w , M km , M m , M kb , k tb , and k tm all equal 1. By substituting these values into Eqs (11) and (12) Miller (1988) has reviewed several reference stress solutions that have been derived for an external semi-elliptical defect. Both 'global' and 'local' solutions have been produced. Global solutions correspond to failure of an entire cross-section whereas local solutions are for failure of the ligament ahead of a crack only. As a consequence local estimates of reference stress will always be greater than or equal to global values.
EXPRESSIONS FOR REFERENCE STRESS

'Global' solutions
Assuming global collapse, the procedures A16, R5 and R6 (Connors, 1998) give the same reference stress solution. This solution assumes the Tresca yield criterion based on a burst pressure, p and is as follows (Kiefner et al., 1973 
An alternative formula has been proposed by Miller (1988) who claims that there is not adequate experimental evidence to judge any effect between having an internal or external defect. Therefore, he suggests that the empirical expression, due to Chell (1984) , for internal defects can also be applied to external flaws so that:
where η is defined as
' Local' solutions There are more 'local' solutions for reference stress than 'global' solutions. The formula used in R6 is based on SattariFar (1994) and can be expressed as: In this case, the membrane stress has been taken as the hoop stress at the mean radius and the bending stress that exists at the crack tip.
British Standard BS 7910 defines the reference stress for a cylinder with an axial external flaw as identical to that for a cylinder with an axial internal flaw. The latest formula is based on the original Folias (1965 Folias ( ) (reprinted in 1984 solution for thin-walled cylinders and is defined as:
where the multiplier of 1.2 is introduced to give similar levels of conservatism to those for flat plates. σ m and σ b are the membrane and bending stresses, respectively, resulting from the applied internal pressure. M s is a stress magnification factor which is given as:
and a'' is a non-dimensional crack length.
A local reference stress solution has been derived by Kiefner et al. (1973) using an empirical Battelle expression
Another solution due to Chell (1984) gives
Predictions of reference stress from the various formulae for a crack with a/c=0.4, similar to the dimensions of defects D and E in the pipe, are shown in Fig. 6 . It is clear that the values obtained more then span the range of the uniaxial data presented in Fig. 3 . Although all the solutions for defect dimension a/W=0.4 are broadly in agreement, it can be seen that for larger depths (a/W=0.8) 'local' estimates of σ ref can be up to about 70% greater than 'global' values which can report in a substantially different prediction in crack growth when incorporated into Eqs (1) and (7). 
PREDICTIONS OF CRACK GROWTH
It is apparent from Eqs (1) and (7) that the prediction of crack growth in the pipe will depend on the material properties used and the formulae applied for calculating K and σ ref . These comparisons are shown in Figs 7-9 for defect E which was located in PM. Also included in these figures are the experimental results.
In Figs 7 and 8 batch specific material minimum creep rate data taken from the HIDA project have been used. This is the same batch of material from which the pipe was made. In all cases close correlation with the experimental results is obtained for the short amount of crack extension measured. Figure 7 demonstrates that only a small difference in crack growth is predicted when different formulae for K are used and σ ref is calculated from Eq. (18). This is to be expected from Eq. (7) and Fig. 5 . In contrast, Fig. 8 illustrates that substantial differences are obtained when different formulae for σ ref are used and Eq. (8) is employed for calculating K. These however only become apparent for large crack extensions. A factor of 2 difference in time for a crack growth of 8 mm can be predicted. As anticipated 'local' solutions of σ ref usually produce faster growth rates than 'global' solutions.
In Fig. 9 , comparisons are made with predictions based on different material properties data when K was calculated from Eq. (8) and σ ref from Eq. (18) . In this case, predictions of the time taken for the crack to extend 8 mm can vary by a factor of up to about 5. There is more spread in predictions based on average rather than minimum creep strain rates. Average creep strain rates, as expected, give the fastest cracking rates.
A comparison has been made in Fig. 10 between the experimentally measured crack growth of defect D in the HAZ and predictions obtained from Eqs (8) and (18) for K and σ ref, respectively, using different materials properties data. When all the parameters are taken from parent material (PM) too slow a crack rate is predicted and when they are all taken from the HAZ material too rapid growth is obtained. Reasonable predictions are produced when D and φ are taken for the HAZ and A and n from the PM material. 
DISCUSSION
Predictions of the growth of elliptical defects in a pressurised pipe have been made using Eqs (1) and (7). The predictions depend on the material creep deformation and crack growths properties used and the formulae employed for calculating K and σ ref . For given material properties, it has been found that the amount of crack growth predicted is most sensitive to the choice of equations used to calculate σ ref .
Nevertheless, when applied to the growth of a crack (defect E) in PM, satisfactory predictions were obtained from all the formulae for the small extent of cracking measured when minimum creep strain rate data were used (Figs 7 and 8) . Crack growth was always overestimated when average creep rate data were employed (Fig. 9) Predictions of crack growth in the HAZ are much more difficult to determine. The thin layer of HAZ is sandwiched between weld metal (WM) and parent material (PM). Figure 3 shows that the HAZ material minimum creep rate is more or less 1000 times faster than in the PM or WM at the same stress so that it is unlikely that it can sustain the same stress as the materials on either side. Predictions based purely on HAZ or PM properties are thus not expected to produce reliable predictions as indicated in Fig. 10 . A reasonable correlation is obtained when the crack growth properties from the HAZ are used in conjunction with PM creep strain rate properties.
It should be pointed out that this investigation has highlighted the sensitivity of cracking to the choice of formulae and materials properties data employed to make predictions. No account has been taken of different models of the cracking process. It is evident from Fig. 2 that defect D exhibited an incubation period prior to the onset of cracking whereas defect E did not. The model adopted assumed that a steady state distribution of damage had developed around the crack tip from the start. It is possible to deal with an incubation period by allowing the damage to build up ahead of the crack prior to the onset of cracking (Webster and Ainsworth, 1994) , but this was not the purpose of the investigation.
CONCLUSION
A Model for predicting creep crack growth from defects in high temperature plant has been presented in terms of the creep fracture mechanics parameter C*. The creep parameter, C*, has been estimated from a reference stress formulations developed by Ainsworth (1982) . It has been established that different stress intensity factor, K, and reference stress, σ ref , solutions are available for performing assessments. Consequently, it has been found that different predictions are obtained when these solutions are applied to a semi-elliptical surface defect in a pipe subjected to an internal pressure, even when the same material creep properties are assumed. Variations in crack growth time of up to a factor of 2 have been found from different reference stress solutions. However it has been determined that batch to batch variations in material property data can cause crack growth times to differ by up to a factor of 5 depending on whether minimum or average creep strain rate data are chosen. Further differences in predictions can be expected if allowance for an incubation period prior to the onset of cracking is included in the analysis.
